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Step-by- There are several numerical components in NMR and qHNMR which required some form of "standardization" to certain values. Examples for these components are: the x-axis ( scale) of the spectra; the intensity of the signals and their integrals; the arbitrary values of integrals. Several words describing this "standardization" process (e.g., referencing, calibrating, normalizing) are commonly and often interchangeably used, standardization of the terminology helps avoiding confusion.
 TERMINOLOGY USE IN THIS WORK
The present work uses the following terminology:
reference, referencing
Setting of the chemical shift () scale of the NMR spectrum; performed with TMS or similar additives
calibration, calibrant calibrating
Process of standardizing the quantitative measure in qHNMR; performed by the use of internal calibrants (IC), external calibrants (EC), or combinations of both (ECIC)
normalization, normalized
Setting of integral values (or other quantitative measures) to a certain reference value that is characteristic of the analyte and ideally related to values in SI dimensions (e.g., molecular weight, mass). Example: normalization of an integral to the number of protons giving rise to it, to yield a "normalized 1-proton integral" (nInt).
adjustment adjusting
Process of correcting for a known control value or measure that has not yet been included in the purity calculation. Example: adjustment of purity values by multiplication with a correction factor that reflects the purity of the internal or external reference standard
S2: The qHNMR Normalization (100%) Method
 STEP-BY-STEP WORKFLOW 100% METHOD
Step 1 Acquire and prepare the baseline corrected, well-phased and properly referenced qHNMR spectrum using quantitative acquisition and processing parameters.
Step 2 Define all integrals in the qHNMR spectrum and establish a set of Step 3 Determine the number of protons (n t ) in the target analyte that give rise to each of the integrated signals of the target analyte.
Step 4 Assign each of the integrals (Int 1 ...Int i ) to all known chemical species in the sample, including the target analyte and all of the impurities detected in the sample (Imp 1 ...Imp u , where u is the total number of impurities.
Step 5 Determine the normalized integral of the target analyte (nInt t ) as follows: (a) Identify the purest signal of the target analyte.
(b) Determine how many protons give rise to this signal. (c) Set its integral value (Int t ) to an arbitrary number (X), such that it reflects an integral value per one proton (1H) equivalent; this determines the normalized [1H] integral of the target analyte (nInt t ).
Recommendations: (I) An arbitrary X value of 100 (unity in %) can be used routinely for the integral of signals corresponding to one proton. Similarly, if the integral of the purest signal represents two protons of the target analyte, X would be set to 200 arbitrary units. (II) In order to avoid rounding errors, Int values with four significant figures should be used for the calculation of three significant figures for the expression of the purity values.
Step 6 For each impurity (Imp 1 ...Imp u ), do the following: (a) Determine their molecular weights (MW 1 ...MW u ).
Recommendation: Use the exact masses to account for differences between molecules of varying MW ranges and elemental composition (different isotope patterns).
Comment:
For the determination of the molecular weights of the impurities, consider other analytical methods: particularly useful are MS and hyphenated MS data (e.g., LC-MS). Additional 1D and 2D NMR data, knowledge about potential synthetic side products, other spectroscopic information, and general knowledge about (residual) solvents can be valuable to establish the identity of impurities. If unknown impurities are present, a reasonable purity estimate is achievable by proposing probable molecular weights based on similarities to known compounds. In these cases, it is essential to document the proposed molecular weight values including the rationales behind them. One generally accepted approach (which is applied widely in pharmacopoeias and chromatography-based impurity evaluation) is to assume that the target analyte and the unknown impurities have the same molecular weight. This is equivalent to setting the relative response factors in to unity in chromatography based impurity evaluation. In this case, the result (% purity) will represent the impurities in the form "impurities calculated as isomers of the target component".
(b) Determine the number of protons that give rise to each of the integrals corresponding to impurities (n 1 ...n u ).
Step 7 Step 8 Assign to each subintegral value (sInt 1 ...sInt j ) the combination of the number of protons (n 1 ...n k ) and the component(s) that give(s) rise to them (target analyte and/or impurities).
Step 9 Step 10 Determine the purity of the target analyte (P) from the normalized integrals and molecular weights of the target analyte (nInt t , MW t ) and all defined impurities (nInt 1 to nInt u ; MW 1 to MW u ) using the following equation:
Variables Int = integral & Values nInt = normalized integral (integral value normalized to 1H) sInt = subintegral nsInt = normalized subintegral (subintegral value normalized to 1H) MW = molecular weight P = purity i: number of distinct integrals j: number of subintegrals per integral k: number of subintegrals per component n = number of protons u = number of impurities Indices t: target analyte/molecule Imp: impurity
Commercial Sample of Quercetin (Q, 24.67 mg/mL) a in DMSO-d 6 Containing Kaempferol (K) as Impurity (600 MHz)
Step 1
Step 2 Step 3 0 1 1 1 1 1 n t =5
Step 4
Step 5 nInt t nInt t =100
Step 6a MW t = 302.24, MW Imp1 = 286.23 MW
Step 6b (K) 2 0 0 2 1 1 n 1 =6
Step 7 Step 9 n sInt1 =[(29.63/2)+(30.61/2)+(14.23/1)+(14.40/1)]/4 = 14.69 k=4
Step 10
Impurity 1 (K) = 12.20%
A Note that for the 100% Method, the weight of the sample does not enter into the calculation. B The normalized integral of the target analyte (Q) was calculated as the average of the signals at 7.54 and 7.68 ppm 2. When acquiring qHNMR spectra in DMSO-d 6 or other non-protic solvents, keep in mind that hydroxyl and other exchangeable protons may (over time) result in less than unity proportional integrals -due to exchange. Accordingly, as a general rule, hydroxyl and amine protons are not suitable for quantitation. 3. Water signals depend not only on the sample but also on sample preparation including the NMR tube, quality of the NMR solvent used, storage conditions, atmospheric humidity, and other factors. Thus, in general 100% qHNMR applications, the water signal is an unreliable measure and should not be taken into consideration. However, the absolute qHNMR method is suitable for the indirect determination of the water content of a sample.
S3: Absolute qHNMR with Internal Calibration (IC)  STEP-BY-STEP WORKFLOW ABSOLUTE IC METHOD
Step 1 Using quantitative acquisition and processing parameters, acquire and prepare the baseline corrected, well-phased and properly referenced qHNMR spectrum of the sample. Document the exact weights of the sample (m s ) and the internal calibrant (m IC ). Determine the purity of the internal calibrant (P IC ) by one of the following methods, in the order of priority listed below:
(a) In the case of a traceable reference material (e.g., NIST), use the documented purity. 
Comment:
The accuracy and precision of the determination of P IC impacts the result of absolute qHNMR analysis directly. At the very minimum, the value of P IC used for the calculation should be documented for reproducibility.
Step 2 Identify the purest signal of the target analyte, assign its integral as the integral of the target analyte (Int t ), and determine the number of protons that give rise to this signal (n t ).
Alternatively, for multiple signals:
Identify the purest signals of the target analyte. Calculate the normalized integrals values per proton equivalent by dividing each integral by the corresponding number of protons. Calculate the integral of the analyte (Int t ) as the average of all normalized integrals. Set the total number of protons (n t ) to one.
Step 3 Identify the purest signal of the internal calibrant, and assign its integral as the integral of the internal calibrant (Int IC ), and determine the number of protons that give rise to this signal (n IC ).
Identify the purest signals of the internal calibrant. Calculate the normalized integrals values per proton equivalent by dividing each integral by the corresponding number of protons. Calculate the integral of the analyte (Int IC ) as the average of all normalized integrals. Set the total number of protons (n IC ) to one.
Step 4 Determine the molecular weights of the target analyte (MW t ) and the internal calibrant (MW IC ).
Step 5 Determine the purity (P) of the target analyte using the following equation:
Derivation of the equation
Relationship of mole ratio to mass ratio Step 1 Step 1 m s = 3.20 mg, m IC = 0.228 mg a , P IC = 99.4%
Step 2 Int t = 99.37 b,c , n t = 1
Step 3 Int IC = 132.68, n IC = 6
Step 4 MW t = 290.27 g/mol, MW IC = 94.13 g/mol
Step 5
Notes a The amount of calibrant was calculated taking into account the exact mass of DMSO 2 in a 2.28 mg/mL stock solution and the dilution factor during sample preparation (×1/10). b The integral of the target analyte was calculated as the average of signals at 3. 80, 4.47, 4.86, 5.60 -5.98, and 6.50-6.77 ppm. c The signals of the methylene protons were not included/integrated due to overlap with the 13 C satellites of the residual solvent signal (DMSO-d 5 ).
S4: Absolute qHNMR with External Calibration (EC)  STEP-BY-STEP WORKFLOW ABSOLUTE EC METHOD
Step 1 Using quantitative acquisition and processing parameters, acquire and prepare the baseline corrected, well-phased and properly referenced qHNMR spectra of the analyte sample and the calibration sample. Document the exact weights of the sample (m s ) and the external calibrant (m EC ).
Step 2 In the qHNMR spectrum of the analyte sample: Identify the purest signal of the target analyte, assign its integral as the integral of the analyte (Int t ), and determine the number of protons that give rise to the signal (n t ).
Alternatively, for multiple signals:
Identify the purest signals of the target analyte, calculate the normalized integrals values per proton equivalent by dividing each integral by the corresponding number of protons. Calculate the integral of the analyte (Int t ) as the average of all normalized integrals. Set the total number of protons (n t ) to one.
Step 3 In the qHNMR spectrum of the calibration sample: Identify the purest signal of the calibrant, assign its integral as the integral of the external calibrant (Int EC ), and determine the number of protons that give rise to the signal (n EC ).
Identify the purest signals of the calibrant, calculate the normalized integrals values per proton equivalent by dividing each integral by the corresponding number of protons. Calculate the integral of the calibrant (Int EC ) as the average of all normalized integrals. Set the total number of protons (n EC ) to one.
Step 4 Determine the molecular weights of the target analyte (MW t ) and the external calibrant (MW IC ).
Step 5 Determine the purity of the target analyte (P) using the following equation:
Variables Int = integral & Values MW = molecular weight P = purity (as percent value) m = mass n = number of protons giving rise to a given NMR signal 
Average purity based on both calibrations: P = 98.8%
Notes a The integral of the target analyte was calculated as the average of signals at 3.64, 5.02, 5.94, and 6.17 ppm.
S5: Absolute qHNMR with Combined External and Internal Calibration (ECIC)  STEP-BY-STEP WORKFLOW ABSOLUTE ECIC METHOD
Step 1 Using quantitative acquisition and processing parameters, acquire and prepare the baseline corrected, well-phased and properly referenced qHNMR spectra of the analyte sample and the calibration sample. Document the exact weights of the sample (m s ) and internal calibrant (m IC ).
Step 2 In the qHNMR spectrum of the calibration sample: identify the purest signal of the calibrant, assign its integral as the integral of the calibrant (Int C ), and determine the number of protons that give rise to the signal (n C ).
Alternatively, for multiple signals:
Identify the purest signals of the calibrant, calculate the normalized integrals values per proton equivalent by dividing each integral by the corresponding number of protons. Calculate the integral of the calibrant (Int C ) as the average of all normalized integrals. Set the total number of protons (n C ) to one.
Step 3 Identify the signal of the residual protonated solvent, assign its integral as the integral of the residual solvent (Int R ), and determine the number of protons that give rise to the signal (n R ).
Step 4 Determine the molecular weights of the calibrant (MW C ) and the residual solvent (MW R ).
Step 5 Assuming the purity of the residual solvent (P R ) as 100%, determine the amount of residual protonated solvent in the calibration sample (m R ) using the following equation:
Step 6 Taking into account the volumes of solvent used to prepare the samples, determine the amount of residual protonated solvent in the analyte sample (m R * ). If both samples were prepared using the same volume of solvent, then m R * = m R .
Step 7 In the qHNMR spectrum of the analyte sample: Identify the purest signal of the target analyte, assign its integral as the integral of the analyte (Int t ), and determine the number of protons that give rise to the signal (n t ).
Step 8 Identify the signal of the residual protonated solvent in the qHNMR spectrum of the analyte sample. Assign its integral as the integral of the residual solvent (Int R ), and determine the number of protons that give rise to the signal (n R ).
Step 9 Determine the molecular weights of the target analyte (MW t ).
Step 10 Determine the purity of the target analyte (P) using the following equation:
Supporting Information SI-13 P = purity (as percent value) m = mass n = number of protons giving rise to a given NMR signal 
Tuning:
The probe's frequency tune and impedance match must be optimized. Document that tuning and matching were performed.
Temperature:
The probe temperature should be regulated within <0.1 o C and documented.
D. Post-Acquisition Processing and Measurement of Integrals
The processing of 1D NMR data routinely uses some line broadening (LB) as an apodization (weighing) function, together with zero-filling (256 K). This can be used for qHNMR quantification as well. Application of Lorentzian-Gaussian (LB + GB) apodization together with zero-filling (to 256 K data points) may also be applied. Recommended values for these two processing conditions in qHNMR are as follows:
Processing Using Line Broadening: LB = 0. 
